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SUMMARY 



A monocoaue box of aluminum alloy was subjected to 
torques applied at the end?. The twist; the strain in 
the stringers, plate, and corner posts; 'and the buckling 
load were measured. The twist was found to "be 20 to 50 
percent less than that given by Bredt 1 s theory for the 
torsion of a thin-walled box without reinforcements and 
the shear stress in the shear web, about 19 percent 
greater. 



In order to obtain closer agreement between theoret- 
ical and experimental results, an analysis was developed 
for the twisting of a monocoaue box reinforced by string- 
ers, corner 'posts , and bulkheads. The measured twist 
agreed within 10 percent with this analysis. The measured 
and theoretical values for the strains and buckling load 
agreed within the error of observation* 

INTRODUCTION . . 



As a part of an investigation for the NACA on mono- 
coque boxes, there was described in reference 1 results 
of compression tests. Torsion tests of the same specimen 
are reported in this paper. The torsion tests are de- 
signed to give information on the following points: 



1. The agreement between th^ measured twist in a 

reinforced box and the theoretical twist for 
a simplified box without reinforcements given 
by R. Bredt (reference 2, p. 270) 

2. The effect of buckling on the torsional stiff- 

ness 
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3. The magnitude of the shearing stresses and of 

the induced stresses due to bending 

4. The variation in twist of the box with distance 

from the ends 

5. The effect of the longitudinals and "bulkheads 

on the stiffness of the "box 



SPECIMEN 



The dimensions of the monocoque-boy specimen are 
given in figure 1. The box was fabricated from 24S-T 
aluminum alloy; 0.075-inch sheet was used for the shear- 
web sides, and 0.026-inch sheet reinforced by Z-stringers, 
spaced 4 inches on centers, was used for the top and the 
bottom sides of the box. The stringers were fastened to 
the sheet by 1 / 8-inch brazier-head rivets, spaced 7/8 inch 
on centers. There were four intermediate bulkheads and 
antiroll members, spaced at 19 inch a 8 • 

Particular care was taken Ln reinforcing the ends of 
the box to avoid concentration of the stresses- on partic- 
ular portions of the box. The reinforcements, consisting 
of steel angles and plates, are shown in figures 1, 3, and 
3. Figure 3 also shows the construction of the bulkheads. 

Tensile and compressive stress-strain curves of mate- 
rial from the corner posts, the stringers, and the sheet 
used in assembling the monoconue box are given in refer- 
ence 1. Young 1 s modulus and the yield strength, obtained 
from the stress-strain curve 5 by the 0.002-offset method, 
are listed in table I. 



TEST PROCEDURE 



Figure 4 snows the monoc oaue-b ox specimen A mounted 
for a torsion test in .a large lathe. The following pro- 
cedure was used in mounting the .specimen. First the 
specimen was centered in the lathe. Then one steel end 
plate was rigidly clamped on trie face plate B of the 
lathe while the other was supported on the dead center in 
the tailstock by a ball bearing. This ball bearing was 
a single-row type that permitted slight rocking of the 
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inner race, A sleeve was pressed on the dead center and 
ground to fit the inner race hole with a clearance of 
0.005 inch in order to permit longitudinal motion. 

Torque was applied to the specimen "by the jack C 
acting on the lever D. The torque thus applied was re- 
sisted "by a stop placed "between a face-plate jaw and the 
lathe "bed. The force exerted "by the jack was measured 
with a weighing scale E of 2000-pound capacity. The 
force from the jack was balanced by the reaction of the 
"ball hearing on the dead center of the lathe. Except for 
a negligibly small frictional toraue, the. specimen was 
therefore subjected to a pure toraue equal to the product 
of the force applied "by the jack and the distance "between 
the point of application of this force and the center, line 
of the lathe. A steel "ball 3? was used to position accu- 
rately the point of application of the force exerted "by 
the jack. 

The twist in the specimen was measured "by gages, one 
of which is identified as G in figure 4. A close-up of 
one of . these gages is shown in fi 'ire 5. The twist was 
measured as the change in angle between two reflecting 
surfaces H attached to "bars I "by adjustable joints L. 
The bars I were clamped to the specimen at their centers 
by light clamps J. The area of contact with the specimen 
was a small ring l/2 inch in diameter. This rin~: allowed 
attachment of a bar to the specimen over a rivet head. 
The pair of reflecting .surf^ce^ H consisted of a 20-mil- 
limeter 45° prism' and a piece of plate glass selected for 
flatness. The plate, glas.s vag .treated to eliminate the 
back-surface image, The twist was . measured by reading 
the changes in angle between the two reflecting surfaces 
H with the Tuc ke r man ' aut o c ol 1 ima t or K. The least count 
of the aut oc ol 1 ima t or as used was 0.00001 radian. 

The strains in the specimen were measured with 
Tuckerman optical strain gages used alone or with suitable 
adapters. The strains in the four corner posts were meas- 
ured over 10-inch gage lengths with 2-inch strain gages 
having. 8-inch extensions. Other strains on the outstand- 
ing portions of the box were measured by 2-inch strain 
gages mounted directly on the box, while the strains on 
the less accessible portions were measured by a special 
transfer of the lever type described in detail in refer- 
ence 1. The strain on three gage lines 120° apart was 
measured by three 1-inch strain gages mounted on a rosette 
adapter. 
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The "buckling of the sheet was observed visually "by 
suitable illumination. Errors due to fluctuation of room 
temperature were minimized by conducting most of the ex- 
periments at night. 'This procedure was found to he nec- 
essary in order to measure the small strains in the 
stringers and corner posts more accurately. 

RESULTS 



The measured twists "between "bulkheads are plotted in 
figure 6, The twist was measured "between all bulkheads 
"by gages on the diagonally opcosite lower east corner 
post and upper west corner post. The twist was also 
measured on the top center stringer between bulkheads 1 
and 2. Figure 6 shows that the twist between a pair of 
bulkheads was practically independent of the location of 
the twist gages; this result indicates that the box 
twisted as a whole without appreciable distortion of the 
cross section. Figure 6 also shows that the twist was 
symmetrical with respect to a transverse plane through 
the center cross section of the box. It is interesting 
to note that the measured twist between bulkheads 1 and 2 
and .between bulkheads 3 and 4 was consistently higher 
th-an -the measured twist at the center of the box between 
bulkheads 2 and 3 .• 

The twis-tirg of the box was not uniform along its 
length. Figure 7 shows the variation of twist with posi- 
tion along the box. The twist was measured over a 19- 
inch-gage length except at the ends of the box where the 
gage length was necessarily shorter. Figure 7 indicates 
that the twisting was fairly uniform between the three 
center bulkheads of the box, dropDed off to a lower value 
in the unreinf orcpd portions of the end bays, and in- 
creased considerably again between the ends of the box an 
points near the ends. The increase in twist at the ends 
of the box is somewhat surprising; the box is apparently 
less stiff in torsion at the reinforced ends than at the 
center. This condition indicates that the reinforcement, 
substantial though it seems (fig. 3), was unable- to trans 
fer the torque uniformly from the end plates to the sheet 
as well as to the longitudinal stringers and corner posts 

The maximum shearing stresses at four' points in the 
center bay are given in figure 6. They were commuted 
from the measured strains on three .gage JifceS intersect- 
ing at angles of 120° using -E = 10.6 x 1Q 6 pounds per 
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square inch and PoissorJs ratio = 0.32. In no Case did 
the direction of the maximum shearing stress computed 
from the measured strains differ from the perpendicular 
Ur parallel) to the axis of the boy by more than 1°. It 
is evident from figure 8 that the shearing stress in the 
shear web was nearly independent of the position "between 
"bulkheads. It is of interest to observe' that the ratio 
of the shearing stress in the shear web to the shearing 
stress measured in the corner post, approximately 4.5, 
is very nearly equal to the inverse ratio of the thick- 
nesses, 

0, 25 4- 0. 075 — An 
0/07~5 = 4 ' 3 

The longitudinal strains induced in portions of the 
box by the twisting are given in figures 9 to 11. Figure 
9 shows the strains in the corner posts and in three 
stringers midway between bulkheads 3 and 4, figure 10 
snows the strains in the corner posts and in three string- 
ers about 1 inch north of bulkhead 2, and figure 11 shows 
the variation of strain along one of the stringers and 
along an antiroll member. It is evident from these fig- 
ures that the induced longitudinal strains were very small, 
the largest amount being less than 0.00004 corresponding 
to a stress of only 425 pounds per souare inch; this value 
was about one-sixth the maximum shear stress in the shear 
web (fig, 8). 

Buckling was observed in the top and bottom cover 
plates of the box near the center section at a toroue of 
40,800 inch-pounds. The change in load distribution due 
to the buckling was insufficient to show in the strain 
measurements; the only observed effect was a slight in- 
crease in twist per unit twisting moment (fig. 6). 



SYMBOLS 

The symbols used in the analysis are given in figure 
12 and are defined as follows: 

F shearing force applied to ends of side of box 
M bending moment applied to ends of side of box 
t% shearing forces applied by bulkheads 1 and 4 
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shearing forces applied "by "bulkheads 2 and 3 
T fe.p roue ap plied to ends of "box 

s 1 shearing force per inch along corner of "box "between 
end of. "box and "bulkhead 1 and "between "bulkhead 4 
and other, end of "box 

shearing force per inch along corner of "box "between 
."bulkheads 1 and 2 and "between "bulkheads 3 and 4 

s 3 shearing force per inch along corner of "box "between 
"bulkheads 2 and 3 

S Young's modulus of elasticity 

G- shear modulus of elasticity 

A area of a side of "box including reinforcements 
k shear constant for side of "box 

I moment of inertia, including ' long! tudinal reinforce- 
ment "by stringers and corner po^ts,' of a side of 
the "box about an axis through center' line and 
normal to* plane of side' ■ 

T shearing stress ' 

5 wall thickness 

\ . / \ah A t at A h/ 

2a width of side ■ 

I length of box 

x distance from left end of box 

y transverse displacement of side in Its plane 

6 twist per unit length of box 
Su"b scripts : 

t one pair of sides 
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h other pair of sides 
Id bending deformations 
s shearing deformations 



ANALYSIS 
Bredt's Theory 



Bredt, in 1896, developed a theory for torsion in 
thin tubes which is quoted by Timoshenko on page 270, of 
reference 2. This theory makes use of the membrane anal- 
ogy to calculate the torque resisted by the tube. It 
assumes that the ends of the box are free to warp and 
does not take account of bending stresses or of reinforce- 
ments such as bulkheads.. On the basis of Bredt ! s theory 
the twist per unit length in the box would be uniform and 
given by 



e = 



T p cU 
4A 2 0 J 6 



where 



is the area enclosed by the sides of the box 



and 



ds 
6 



is the integral around the box of the recip- 



rocal of the wall thickness. For this box (fig. 1) 

6 = 2.3 x 10~ 9 T 

Comparison of tnis formula with the observed twists given 
in figure 6 indicates that the box was twisted 20 to 50 
percent less than would be indicated by the formula. 

The shearing stress T in the shear web is, accord- 
ing to Bredt ! s theory, 
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T = L = 0.Q273T 

2(2a t 2a h )6 h . . 

This value is about 18 percent less than the measured 
values plotted in figure 8. 

It is apparent that Bredt 1 '^ theory is inadequate in 
describing the torsion of the monocoque box. A more ac- 
curate description y-afl ob-t-aihed by the analysis given in 
the following section. 



Torsion of Monocoaue Box with Bulkheads 
and Corner Posts • 



An analysis of th-e torsion in 



monocoaue "box with 



"bulkheads- and corner- posts was derived %w treating the 

box as an assembly of -four "beams with. wide webs which are 

joined at the edges and to which transverse forces are 
a^olied at the bulkheads. 



This analysis differs f r o m • s i mi 1 a r analyse 
"beams in torsion "by Reissner (reference 3), Ebn 
ence 4), Williams (references 5 and 6), and Pay 
ence 7) in taking account of the effect of the 
"bulkheads instead of assuming the section of th 
to remain rectangular at all points, as would b 
an infinite number of bulkheads. Consideration 
individual bulkheads seemed advisable in the pr 
of bulkhead spacings which are comparable With 
verse dimensions of the box, in order to comDut 
forces acting on the bulkheads. 



^ of box 
er (ref er- 
ne (r ef er- 
individu^ 1 
e box beam 
p done for 

of the 
esent case 
the trans- 
e the 



It follows from the equilibrium '' of " f orces and moments 
acting on a portion of the side between adjacent bulkheads 
(fig. 12) that the 1 ongitudinal shear s per unit length 
at the extreme fiber must be constant. At the section x 
= constant, where 41/5 < x < I, according to the simple 
beam theory : - ... I. 

M + j ( I - x) - 2a Sl ( l - x) (l) 



EI d - y * 



dx 



By integration 
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EI = - Mi + (F - 2a?-,) fix - + constant (2) 

dx V 2 / 

The integration constant may be determined by assuming 
ri ; rid clamping of the sides at the end of the box: 



dx 



therefore 



Ei Ml = M( I - X ) - (1/2 ) (I - 2as a )( I - x) 3 (3) 
dx 



According to the simple "beam theory this slope produces 
a longitudinal displacement aCdy^/dx) toward the ends 
of the box at one extreme fiber and an eaual displacement 
away from the end of the "box at the opposite extreme 
fiber. The condition o f - continuity of the "box requires 
these displacements to be eaual at adjoining extreme 
fibers : 



dy 



to 



dx 



dx 



(4) 



If equation (3) is substituted in both sides of eouation 
U), 



: t (l - r)- (1/2; (F t - 2a t s 1 )(l - sr)' 



J h I 



M h (I - x) - (1/2 Kill - 2a h ?i)(t - K> 



(5) 



In order for equation (.5 ) to be true for all values of x, 
the coefficients of (l - x) and (I - x) must eaual 
zero. 



it l h 



(6) 
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3 wi^v^w/^ + £aa (7 ) 



ts * 3 1 , 41 

Between x = — and x = — 



EI 



dx 3 



= - 2as 3 - + *{l - x] + *t ^U. - x) 

2as j I 



M (8) 



Integrating gives 



dy h / 8 as a I 3agvl 4P, I \ 

EI — ^ = ( - — — + i X f II) s 

\ 5 5 8 / 



dx 



/ F J? \ 

+ f as. - - - — 1 y' r2 + constant (9) 
\ 2 2 J 



At x - — the sIotjb riven "by equation? (3 ) and (9) is 

the sane. This value determines the constant in equation 
(9). Substituting for the constant in equation (9) its 
value gives 

SI £L= ( a?o - — )x 2 + [ I I + — i M 3 — ) x 



£ii ^ Hal! * mi * fioiii * do) 

2 25 25. 25 



Substituting equation (10) in equation (4) and equating 
the coefficient of x 3 to zero gives 
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■'2a-, 



2a h ' 



(II) 



Eauating the coefficient of x and the constant term to 
zero leads again to equations ( 6 ) and (7). 



Similarly , betwe.en 



21 
5 



and x 



EI 



dx 3 



- 2as 3 (|i - x) + F(l - x) + Pj (±L 



- x 



+ P. 



3 I 



2 1 5 - 



2a s j I 2as d I 



- M (12) 



Integrating and determining the constant so that the slope 

at. x = — equals the value given by equation (10) results 
in 



dy-u ✓ 6as» I 2as a I . ,: *2as.i I 

I —7— - —7 - — ~ - M + F I * 

dx \ 5 5-5 



4P, I 3Po i 



2 v ^ 



l as 3 - a " ¥ - TV 



x 3 - — - — A A — + mi 



50 



50 



9 a s i I 7 a s 3 I 
+ _______ + ___ + 



9"s 3 f 



(13) 



Substituting (13) in (4) and eauating the coefficient of 



to zero gives 



S 3 = 



I ± I v. 

n 



2a t 3 2a h 3 N 
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The curvature 



j 2 



tlx- 



is-zero "by symmetry whpn x = 



From equation (12) this value gives 



"CT 7 3P n I P 2 1 

H = — - + — + — — 

2 10 10 



2a?! I 



2asp I 



as 3 I 



(15) 



In addition, there is a deflection of the side due 
to shear in its plane by the transverse forces F, P lf 



and P 3 . 
x = I is 



The slope due to shear "between x = ~ and 



dy 



dx 



1 - k ^ 



GA 



(16) 



where k is a constant depending on the stress distribu- 
tion (reference 8). For example, a rectangular section 
that is free at the ends has a value of k - 1.5 , while 
for the same section wnen clamped at the ends, k = 1.2. 
Between x = 3 1/5 and x = 4 1/ 5, 



F + P- 



dx 



GA 



(17) 



and "between x = 3 1/5 and x = 31/5, 



dx 



= k 



F + ¥ 1 + P; 
Ok 



(13) 



?he slope o 



side of the h o r between x 



and 



?s I is, from equations (3) and (16), 



41/5 



dy 
d^ 



dyx 



o.x 



51? 

dx 



1_ 
EI 



M(l - x) - |(P - 2as a )(l - x) 



k3P 



(19) 



Integrating this equation gives 
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J EI 



\ (I ~ x) ±1 (* * 2 aSl )(l x) : 
2 6 



+ ^--^ + constant (20; 



The increase in y between x « — and x = I is 

5 



Ay ; 



kf 1 
G-A 5 



(21) 



The "box must maintain 
reinforced ends and at the 
transverse displacement of 



its rectangular section at the 
"bulkheads. The increase in 
the sides between end sections 



and bulkheads must, therefore, he such as to produce rota- 
tion of all four sides through the same angle: 



Ay t = ^h 
ah at 



(22) 



yields 



Substituting from eouation (21) in equation (22) 



750EI t a h V 



(l5M t 



r - J t I 3 + Bats,! 3 !* 



t x t I 



a-j 



H a h 



750EI h a t V 



(im^l* - F^l 3 + 2a h s 1 l 3 V : 



G-A h a t 5 



* (23) 



The increase in y between x = — and — is, from 

5 5 

equations (10) and (17), 



Ay a =_L_ 

75031 



U5Hl 2 -7?l 3 -P 1 l 3 4-l 2aSi r+ 2as a l"| +k 



3 - .3! w f + p 3 j 



(24) 



From equation (32), 
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1 /, 2 3 3 3 3\ ^ + - P H **t 

750EI t% - W - ? H l + 12n tSl l .+ 2a t s 2 l )* ' ~ 

i / U +Pl h lift 

The increase in y "between x s *jr- and a |r' is, from 
eauation? (13; and (19), 

Ay- * ^r^T (?5Ml 2 - 19T1 3 ~ 7P 2 l 3 - P 3 lf + 24as 1 l 3 
7 o U iii 1 \ 



+ 12as<>l + 2as 3 l 3 j + k gj * (26) 



When equation (22) ig applied, 

1 = folia* - - jpPi t l* - ?2^ 3 + 2l|a tSl l 3 

) 



4- ISa^s^! 4- 2a^s 3 l S 



i fcn b i a 

]£Elva+ V n 



l, + P, . .+ P 2 ii 



+ 12av,s^l 3 + 2avs 3 l 3 ) + 

Ua. v ,a+. 



) + ~ — ■ (27) 



Simplifying equations (23), (35), and (27) by sub- 
stituting for Bi t s 2 , s 3 , and M their value? as given 
"by equations (7), (ll), (14), and (15), re^pctively, 
gives 
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C = l ? n h F t - 13a t P h + 9a h P H - B H W^ h + Ja^ - 3a t F 2h 



(a t 2 I h + a h 3 I t ) (26) 



0 = 31a h F t - 31a t 3? h + 25a h P lf _ - 2pa t P lh + 9a h P 2f - 9a t P S 



J h 



+ 1503 



L A t a h A h a t J 



(29) 



0 * 51 - 37a t F h + 31a#i t - 3la t P lh + 13ahPs t - 13at?3 h 



i^r k t(? 
i s s L 



A h a t 



) (30) 



It will be immaterial whether the corner posts are 
apportioned to the moment of inertia I| or 1^ since, 

in equations (28), (29), and (30), the moment of inertia 

enters only in the expression (a^I^ + &]i I fc ) i which 

does not vary with this apportionment. 



The torque applied to the ends of the box is given 



T = 2a h F t + 2a t F h 



(31) 



Since the torque applied at the bulkheads is zero, 

0 = 2a h r' lt * 2a t Pi h (») 
0 = 2a h P 3t + 2a t f 3h (3?) 

The six unknown forces F t , Fy, , Pj.. , P^. , P a ^, and 
P^^ can now be determined by solving' simultaneously equa- 
tions ( 26 ), ( 29), (SO)., (31), (32), and (33) with the re- 
sult, 
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f t s , -= ^ (34) 

30U + IbOC + l^C r ~ l^,0Ek t , _ v v 

+ — — fa* Ih + avilt ) 

112 + 1+0C + C^ l 3 &M* a V T a V 



1 + 



1 + 



301+ + x6oo + 13c 2 ■ igoskfc / 2t ' s _ v 

112 + i+OC + Gf* + Fl&tJt 5 " [ + ** 

S/2at 



30U + lSOC + 13C 3 150E3q, 
+ 



112 + 1+0(3 + C" 



I GA*»a*7 \ / 



: , : + _: * [a* 3 !! + a 

112 + 1+OC + C 2 l a &H% 8 \ 11 



xi u y 



(35) 



p 72 + 18C /at _ _ \ f „-v 



72 + — i t - o (37) 

' n 112 + 40C + C a ^a t > 



P 3+ = • - 24 + ^— fit 3T h - J.} (38) 

8 t 112 + 400 + Va h V 

P 3h - ♦ 60 ffh r _ I >> ( 39 ) 

n 112 + 40C + C^ Vat * • */ - 



The average twist per unit length in the end hays 
"between x = 41/ 5 and x •« I is given "by 



a h - 1 



(40) 



Substituting from equation (21) gives 



KACA Technical Note No. 87 2 



17 



6, = 1 fl5K t l 3 - ffF + 2a t s a l 3 ) ♦ $$1±- Ui) 

150la h EI t \ " -* 5 5 / GA t a h 



Substituting for and Sj their values as given by 

equations (15.) and (7), respectively, yields 



6i = Z : r (l^a h F t - 13a t F h . 

MOl(a t a Ih + a h 3 I t J 

+ 9a h F lt - 9 ^t P i h + &*&? 3 * - 3a t P 2h ) + J^U&* (42) 

Similarly, the average twist per unit length in the second 
bay between x = 31/5 and x = 4l/5 is, from equation 
(24) , 

e 3 = t—— ■ — \ («i*h»t - *a*t*h + 25a hfi t 

300E(a t 3 I h + a^It j V 

v F t + P, 
> + kt %. (43) 



- 25a t P lh + 9a h P at - 9 *t*3 h ) + N 



GA t a h 



and the average twist per unit length in the center bay 
between x = 21/5 and x = 31/5 is, from equation (26„>, 



6_ = j-— l - 7 — ^ (37a h F t - 37a t ?h + »l»h**t 

3003 (at^Ih + It ) 



- 31a t P lh+ 13a h P 3t - IM**^)* — <**! 
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COMPARISON BEfWEBN THEORY AND 

The side t of the "box (fig. 12) was taken a* the 
cover plate and included the stringer?; the side h was 
taken as the shear weV and included the corner posts. 
From figure If.. 

at = 12 inches 

a^ = 5 inches 

i = 9 5 inches 

4 

1 1 = 46.0 inche s 

4 

*h = 64.3 inches 

A t ■ 1.290 inches 2 

% = 2.9 4 inches" 

***** + a h" I t = 10, ^10 inches 6 



The shear constant k$ was determined on the "basis 
that all the cover plate was effective in transmitting 
shear and that the st ringer . areas contributed nothing to 
the shear resistance: 



The shear constant feh was determined on the "basis 
that those parts of the shear we"b and the t-inch rein- 
forcing plate lying "between the cover plates (les^ than 
5 in. from the center line) were effective in transmit- 
ting shear and that . the rest of th^ corner post area 
contri"butrd nothing to the shear resistance: 



2.94 



0.075 X 10 + 2 X 0,25 x 1.688 



a 1.845 
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The elastic properties are, from table I: 
S = 10.6 x 10 pounds per sauare inch 
u- = 0.32 = Poisson's ratio 

— ^ 01 x 10 pounds per square inch 



— ~x , 



2(1 * \x) 
The computed constants are 



y k t + : 

a h 2A t a t " A h / 



0 ■ W ( atSlh * *» a, «;(.rfr + rfr ■ 



150Sk h 
l 3 Ga t 2 A h 



The forces at the ends and at the "bulkheads are, 
from eouations (34) to (39), 

I t = 0. Q2O80 I pounds 

F h = 0:03300 T pounds 

f\ = 0X68*3 T pounds 

F 1u '= -0.00660 T pounds 
1 h 

F at = 0. 00408 T pounds 

Pa* n -0.00170 T pounds 



It is interesting to note 
force applied by the "bulkheads 
toward the center of the box. 



the rapid decrease in t 
in passing from the end 
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The average twist's per unit length "between bulkheads 
are,, from equatl one (42) to (44 ) * 

10 6 b!= 0.00105 T radian per inch (end bay "between x=^L and x = l) 

5* 

10°6^ = 0.0016U T radian -oer inch (second "bay "between at* 21 and ac» M.) 

5 5 

10 6 b,< = 0,00179 I radian Dor inch (center "bay between x= — and ac» 21) 

5 5 

These twists are compared with the measured twi/s t-s in fig- 
ure 6 . The theory g i v e s a consistent increase in twist 
per unit length in passing from t h e ends toward the cen- 
ter, while the measurements show about 10 percent less 
twist for the center bay than for the two adjacent bays. 
(See also f ig . V. 3 

The average shearing force per unit d^pth of center- 
bay she a r web is 



n x h 3 h 0.03300 -O.OObbO- 0.00170 

• = T — — = 0.00247 T pounds -per inch 

2% 2x5 



Since the forces resisting bending are mostly in the cor- 
ner posts, the shearing force should be nearly constant, 
except at the corner posts, and the shear stress may be 
obtained by dividing the shearing force per inch by the 
thickness of the wall. On this basis, the stress at the 
center of the 0.075-inch shear web is 



0, 00%47 f s 0,0329 T rounds per sauare inch 
0.075 



and for the stress at the inner side of the 0.25 -inch re- 
inforcing plate 



Q^ O'0 347 ,T m 0.0076 T td bunds loer souare inch 

0. 250 -f 0, 075 
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These stresses are compared with the measured stresses in 
figure 3. The theoretical value? agree closely with the 
measured values. 

The strain due to "bending in the upper corner post 
of the t side or the lower corner post of the h side 
(fig, 12) is 




*h 



j 2 

dx 2 



h 



From eauations (8), (15), (ll), and (14) with X 
this expression reduces to 



' ii 

10 



and, with x = by use o>f equations (12), (15), (7), 

(11 ), and (14) the expression reduces to 



17a+ av,l / \ . _ic 

ktih-B&h* ahP lt - a t F lh + a h P 3t - a t P 8h ) ■ - 4.301:10 



190E^a t 2 I h+ a h 2 I t 



These theoretical values are shown in figures 9 and 
10. Theoretical value* for the strains in the stringers, 
derived on the assumption that fcixe strain due to bending 
varies linearly across the sides of the b o v , are also 
given in figures 9 and 10. The theoretical and observed 
values are in agreement, 

The buckling load of the cover plate was computed 
from values for the critical buckling stress given in ref- 
erence 9. The cover plate was divided by the stringers 
and bulkheads into panels having a width to length ratio 

of — = 0.21, The thickness of the plate was '0.026 inch 
19 

and the width 4 inches. If it is assumed that the string- 
ers give simple support',' the critical Duckling stress is 
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T cr (simple support) '= 2260 pounds per sauare inch 

If it Is assumed that the stringers give clamped support 
and. that the. ratio of critical loads for. clamped and sim- 
ply supported plates having a width to length ratio of 
0.21 is the same as the ratio for infinitely long plates, 

T cr (clamped) = §**rf 2250 = 3790 pounds per sauare inch 

The shearing stress at the center of the cover plate 
(t side ) Is 



(l f + Pi + P., V ^O. 02030 + 0. 01582 + 0 . 00403^ 

\ X t *%J 1. 290 V J 



= 0.0651 T pound? per souare inch 
The critical tornues are ■ therefore 

T (simple support) = ° = 34,700 inch-pounds 

0.0651 

T (clamped) * - 53,200 inch-bounds 

0.0651 

The measured value of the critical torque was 40,800 
inch-pounds, a value between the theoretical values corre- 
sponding to clamped and simple supoort at the stringers. 

CONCLUSIONS 



The measured twist in the monocoaue "box between -hulk- 
heads 1 and 2 and between bulkhead? 3 and 4 was consistent* 
ly higher -than the measured twist' at the center of the box 
between .'bulkheads 2 and 3. The reinforcement at the ends 
of the box, substantial though it seems,. was unable to 
transfer the torque uniformly from the end plates to the 
sheet as well as to the stringers and corner posts. 
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Th§ $henr stress in the shear wet was independent of 
the position between "bulkheads within the error of meas- 
urement. The ratio of measured shearing stress in the 
shear weh and in the corner post was inversely propor- 
tional to the wall thickness at the points of measurement. 

The measured longitudinal strains were very small, 
the largest being less than 0,00004 corresponding to- a 
stress of only 425 pounds per square inch; this value was 
about one-sixth the maximum measured shearing stress. 

Buckling was observed in the cover plates near the 
center section of the box at a torque of 40,800' inch- 
pounds. This buckling caused only a Blight decrease in 
the stiffness of the box for higher moments. 

Comparison of the measured twists with Bredt's theory 
indicates that the box was twisted 20 to 50 percent less 
than this theory would indicate. Comparison of the meas- 
ured shearing stress with ^redt's theory indicates that 
his theory gives values about 19 percent less than the 
measured values. 

Using an analysis of the torsion ir< a monocoaue box 
with bulkheads and corner- posts derived by treating the 
box as an assembly of four beams with wide webs joined at 
the edges and subjected to transverse forces at the bulk- 
heads, a check of the meas.ured twist within 10 percent 
was obtained. This analysis also gave theoretical values 
of the shearing stresses and longitudinal stresses which 
agreed closely with the measured values. 

The observed buckling load of the cover sheet was 
between the computed values for simple support and clamped 
support at the edges. 



National Bureau of Standards, 

Washington, D, C. , April 2, 1942 
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Fig. 3 





Figure 4.- Monocoque box mounted for torsion test with strain gages and twist gages 
attached . 
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Fig. 5 
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Figure 7.- Variation of average twist with position along box. (Gage length 
of 19 in. except at ends where gage length is twice the distance 
from the point in question to the end of the box.) 
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Figure 8.- Shearing stresses in shear 

web, center bay between 
bulkheads 2 and 3. 
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Figure 11.- Strain on top of box along top of stringer eg 

4 between bulkheads 2 and 3 and along 
ant i roll mjember on top of bulkhead 2. h" 



iv 



Figure 12.- Sketch showing symbols used in theory. 



